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Summary
The Drosophila anterior-posterior axis is established
at stage 7 of oogenesis when the posterior follicle cells
signal to polarize the oocyte microtubule cytoskele-
ton. This requires the conserved PAR-1 kinase, which
can be detected at the posterior of the oocyte in immu-
nostainings from stage 9. However, this localization
depends on Oskar localization, which requires the
earlier PAR-1-dependent microtubule reorganization,
indicating that Oskar-associated PAR-1 cannot estab-
lish oocyte polarity. Here we analyze the function of
the different PAR-1 isoforms and find that only PAR-1
N1 isoforms can completely rescue the oocyte polar-
ity phenotype. Furthermore, PAR-1 N1 is recruited to
the posterior cortex of the oocyte at stage 7 in re-
sponse to the polarizing follicle cell signal, and this
requires actin, but not microtubules. This suggests
that posterior PAR-1 N1 polarizes the microtubule
cytoskeleton. PAR-1 N1 localization is mediated by
a cortical targeting domain and a conserved anterior-
lateral exclusion signal in its C-terminal linker domain.
PAR-1 is also required for the polarization of the
C. elegans zygote and is recruited to the posterior
cortex in an actin-dependent manner. Our results
therefore identify a molecular parallel between axis
formation in Drosophila and C. elegans and make
Drosophila PAR-1 N1 the earliest known marker for
the polarization of the oocyte.
Results and Discussion
The anterior-posterior axis of Drosophila becomes po-
larized at stage 7 of oogenesis, when the posterior folli-
cle cells send an unknown signal that induces an ante-
rior-to-posterior array of microtubules in the oocyte,
which directs the localization of the anterior and poste-
rior determinants bicoid and oskar mRNAs to opposite
poles of the oocyte [1]. The conserved PAR-1 kinase
plays a key role in this process, since microtubules are
nucleated all around the cortex of par-1 mutant oocytes
and their plus ends are abnormally focused in the
*Correspondence: ds139@mole.bio.cam.ac.uk
2 Present address: Laboratory of Neurogenetics and Behavior,
The Rockefeller University, 1230 York Avenue, Box 63, New York,
New York 10021.middle, leading to the mislocalization of oskar mRNA
[2, 3]. Immunostaining with PAR-1 antibodies indicates
that it localizes to the posterior of the oocyte, but only
at stage 9, which is too late to play a role in the reorga-
nization of microtubules. Furthermore, this localization
depends on the posterior localization of oskar mRNA,
which in turn requires the PAR-1-dependent repolariza-
tion of the microtubules [2]. Thus, the localized PAR-1
detected by antibodies cannot be responsible for the
reorganization of the microtubule cytoskeleton.
The par-1 gene encodes multiple isoforms that belong
to three families (N1, N2, and N3) that differ in their
N-terminal domains, raising the possibility that an iso-
form that is not detected in antibody stainings polarizes
the microtubule cytoskeleton (Figure 1A). To test this
possibility, we generated transgenic flies expressing
N-terminally tagged GFP fusions of the major PAR-1
isoforms under the control of the maternally expressed
a4-tubulin promoter (see the Supplemental Experimen-
tal Procedures in the Supplemental Data available with
this article online). We first analyzed their ability to res-
cue the polarity defect of a viable transheterozygous
combination of par-1 alleles, in which oskar mRNA is
partially or completely mislocalized to the center of the
oocyte in 99% of stage 9–10 egg chambers (Figures
1B–1D). Expression of either GFP-PAR-1 N1S or N1L
fully rescues the posterior localization of oskar mRNA,
whereas GFP-PAR-1 N2S and GFP-PAR-1 N3L rescue
only partially (30% and 40% mislocalization, respec-
tively) (Figure 1E). PAR-1 N1S is the major isoform ex-
pressed during oogenesis and is strongly reduced in
the par-1 hypomorphs that give a polarity phenotype
[2, 3]. These results suggest that PAR-1 N1S plays the
principal role in the repolarization of the microtubule
cytoskeleton, although the N2 and N3 isoforms can
partially compensate for a partial loss of N1 when over-
expressed.
PAR-1 N1 Isoforms Localize to the Oocyte Posterior
before the Microtubule Reorganization
To examine whether the PAR-1 N1 isoforms show
a polarized distribution, we imaged GFP fluorescence
in ovaries expressing GFP-PAR1 N1S and N1L and
observed that both are enriched at the posterior of the
oocyte (Figures 2A–2C and data not shown). This local-
ization differs from that of the PAR-1 detected in immu-
nostainings in three respects. First, the posterior enrich-
ment is much broader than the crescent of pole plasm
with which PAR-1 associates. Second, PAR-1 N1 is
more closely associated with the oocyte cortex than
the pole plasm, as demonstrated by the lack of overlap
between GFP-PAR-1 N1S and Staufen, which colocal-
izes with oskar mRNA at the posterior (Figures 2D and
2D0) [4–6]. Furthermore, in contrast to the PAR-1 de-
tected by antibody staining, GFP-PAR-1 N1S localiza-
tion is not affected by staufen mutants, which abolish
the posterior localization of oskar mRNA, nor is it
recruited to the anterior by the ectopic pole plasm
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1091Figure 1. PAR-1 N1 Isoforms Can Fully Rescue the par-1 Polarity Phenotype
(A) The three families of par-1 differ mainly in their N-terminal region (exons 1 and 2) and by the presence or absence of exons 9 and 14. Within
each family, short isoforms have a C terminus encoded by exons 16 to 18, whereas long isoforms have a longer C terminus containing the con-
served PAR-1 domain encoded by exons 19 to 21.
(B) Fluorescent in situ hybridization to oskar mRNA (pink) in a wild-type stage 10 egg chamber, showing its localization to the posterior pole of
the oocyte.
(C and D) In the par-16323/par-1W3 mutants, oskar mRNA is partially (C) or completely (D) mislocalized to the middle of the oocyte.
(E) The rescue of the oskarmRNA localization phenotype of par-16323/par-1W3 females expressing different GFP-PAR-1 isoforms. The GFP-PAR-
1 N1 isoforms rescue completely, whereas GFP-PAR-1 N2S and GFP-PAR-1 N3L give only partial rescue.nucleated by osk-bcd 30UTR RNA (data not shown) [7].
Third, GFP-PAR-1 N1S first becomes enriched at the
posterior before the nucleus migrates from the posteriorto the anterior of the oocyte at stage 7, which is the first
sign of the anterior-posterior polarization of the oocyte
(Figure 2A). The localization of both GFP-PAR-1 N1
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Posterior of the Oocyte from Stage 7
(A) GFP-PAR-1 N1S localization in an early
stage 7 egg chamber. A weak crescent is vis-
ible at the posterior of the oocyte, although
the oocyte nucleus has not yet migrated to
the anterior (the nucleus appears as the
dark circle adjacent to the posterior cortex).
(B) GFP-PAR-1 N1S localization in a stage 9
egg chamber. PAR-1 N1S localizes strongly
to the posterior cortex of the oocyte and
around the cortex of the nurse cells but is ex-
cluded from the anterior and lateral cortex of
the oocyte.
(C and D) GFP-PAR-1 N1S ([C], green in [D])
forms a broader posterior crescent than
Staufen (red), which marks the pole plasm
(D), and is more closely associated with the
oocyte cortex (D0).isoforms at the posterior cortex therefore precedes the
repolarization of the oocyte microtubule cytoskeleton
and makes them the earliest known markers for the
posterior of the oocyte.
Posterior Recruitment of GFP-PAR-1 N1 Depends
on the Polarizing Signal and Actin
To test whether PAR-1 N1 is recruited to the posterior
cortex in response to the polarizing signal from the pos-
terior follicle cells, we analyzed its localization in gurken
mutants, in which the posterior follicle cells adopt an an-
terior fate [8, 9]. GFP-PAR-1 N1S fails to become en-
riched at the posterior cortex in a strong gurken mutant
combination, grk2B6/grk2E12 (Figures 3A and 3B). Fur-
thermore, a similar loss of the posterior crescent is
seen in mago nashi mutants, which block the transduc-
tion of this signal in the oocyte (Figure 3C) [10, 11]. These
results indicate that the posterior recruitment of the
PAR-1 N1 isoforms depends on the polarizing signal
from the follicle cells. Interestingly, GFP-PAR-1 N1S
usually accumulates in a single large dot close to the oo-
cyte nucleus in mago nashi mutants (Figure 3C, arrow).
This suggests that Mago nashi is required for the traf-
ficking of PAR-1 to the cortex and that PAR-1 becomes
sequestered on some internal compartment or organelle
in its absence.
To investigate the cytoskeletal requirements for the
posterior localization of PAR1, we fed flies with drugs
that depolymerize either the microtubule or actin cyto-
skeletons. The microtubule-destablizing drug colcemid
has no effect on the posterior enrichment of GFP-PAR-
1 N1S, although this treatment depolymerizes the micro-
tubules, since it abolishes all other markers for oocyte
polarity, such as the anterior positioning of the nucleus
(Figure 3D) [12]. In contrast, similar treatments with the
actin-destabilizing drug latrunculin-A abolish the poste-
rior enrichment of GFP-PAR-1 N1S, which becomes uni-
formly distributed in the oocyte cytoplasm and cortex(Figure 3E). Therefore, the posterior enrichment of
both PAR-1 N1S and N1L precedes the reorganization
of the oocyte microtubule cytoskeleton and is microtu-
bule independent, consistent with the idea that they
represent the PAR-1 isoforms that are responsible for
the repolarization of the microtubule cytoskeleton.
The Linker Domain Drives the Cortical and Posterior
Localization of PAR-1 N1S
In contrast to the PAR-1 N1 isoforms, neither GFP-PAR-
1 N2 nor N3 become enriched at the posterior of the oo-
cyte, which may account for their failure to fully rescue
the par-1 polarity phenotype. All isoforms localize to
the ring canals and along the cortex of the nurse cells,
but PAR-1 N2S does not enter the oocyte, whereas
PAR-1 N3L is concentrated all around the oocyte cortex
(Figures 4A–4D). PAR-1 N2S differs from the other iso-
forms by its unique N-terminal domain and by the ab-
sence of exon 9, which encodes the five amino acids
AETLR (Figure 1A), and either of these differences could
prevent its entry into the oocyte.
Since both PAR-1 N1S and N1L localize to the poste-
rior of the oocyte and rescue the par-1 polarity pheno-
type, the highly conserved PAR-1 domain at the C termi-
nus of PAR-1 N1L that is absent in N1S is not necessary
for this localization (Figure 1A). To map the posterior lo-
calization signal of PAR-1 N1 isoforms, we generated
three GFP-tagged transgenic lines expressing either
the N1 domain, the N1 and kinase domains, or the linker
domain alone (Figures 5A–5C and data not shown). The
first two constructs become uniformly distributed in the
nurse cell and oocyte cytoplasm, whereas the linker do-
main localizes in a posterior crescent like the full-length
protein (Figures 5F–5H and data not shown). The linker
domain is therefore necessary and sufficient to localize
PAR-1 to the posterior cortex.
Although the linker domain is only weakly conserved
between PAR-1 homologs, two short regions of the
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N1S Requires the Polarizing Signal from the
Follicle Cells and the Actin Cytoskeleton
The localization of GFP-PAR-1 N1S in stage
9 oocytes: (A) wild-type; (B) gurken2B6/
gurken2E12; (C) mago1/Df(2R)F36; (D) wild-
type treated with the microtubule-destabiliz-
ing drug colcemid; (E) wild-type treated with
the actin-destabilizing drug Latrunculin-A.
Note the accumulation of GFP-PAR-1 N1S in
a spherical region near the nucleus in mago
nashi mutant oocytes (arrow in [C]).linker show a much higher degree of homology: a UBA
domain near the N terminus of the linker and a stretch
of 17 amino acids near the C terminus (Figure 5A and
Figure S1). Replacement of five conserved amino acids
in the UBA domain with alanines has no effect on the
posterior enrichment of GFP-PAR-1 N1S (Figure S2). In
contrast, mutation of five conserved amino acids at ei-
ther the left or the right end of the second conserved mo-
tif leads to high levels of GFP-PAR-1 N1S localization all
around the oocyte cortex, without any specific enrich-
ment at the posterior (Figures 5D and 5I). Thus, this re-
gion serves as an anterior and lateral exclusion motif
(AEM). Since mutants in both the UBA domain and the
AEM still localize cortically, some other region of the
PAR-1 linker must function as a cortical localization sig-
nal. Deletion of the C-terminal 37 amino acids from PAR-
1 N1S abolishes cortical localization and leads to a uni-
form distribution in the cytoplasm (Figures 5E and 5J).
Recruitment to the cortex therefore requires the region
immediately after the AEM of the linker. The mapping
of the PAR-1 N1 localization signals also explains why
GFP-PAR-1 N3L does not become enriched at theposterior cortex. The cDNA used for this construct is
a splice variant that lacks exon 14, which encodes 38
amino acids, including the AEM (Figure 5P). This form of
PAR-1 therefore contains the C-terminal cortical locali-
zation signal, but not the anterior and lateral exclusion
signal.
Interestingly, both constructs with mutations in the
AEM cause a penetrant oocyte polarity phenotype, as
shown by the mispositioning of the oocyte nucleus in
more than half of the egg chambers (Figure 5I, arrow).
This is presumably a consequence of ectopic PAR-1 ac-
tivity at the anterior and lateral cortex, demonstrating
that the normal localization of PAR-1 to the posterior is
essential for the polarization of the oocyte.
PAR-1 is also required for apical-basal polarity in ep-
ithelial cells, where it localizes to the lateral membrane
[2, 13–15]. As previously reported, the linker domain of
PAR-1 is responsible for its targeting to the lateral mem-
brane (Figures 5K–5M) [16]. Furthermore, mutants in the
AEM lead to ectopic apical localization, whereas the de-
letion of the C-terminal 37 amino acids blocks all locali-
zation to the cortex (Figures 5N and 5O). Thus, the sameFigure 4. Localization of Different PAR-1 Isoforms in the Oocyte
(A) GFP-PAR-1 N1S; (B) GFP-PAR-1 N1L; (C) GFP-PAR-1 N2S; (D) GFP-PAR-1 N3L. All GFP-PAR-1 isoforms localize to the ring canals and along
the cortex of the nurse cells. However, PAR-1 N2S (C) does not accumulate in the oocyte, and PAR-1 N3L (D) is concentrated all around the
oocyte cortex, whereas PAR-1 N1S and PAR-1 N1L localize to the posterior cortex.
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N1S Is Mediated by an Anterior Exclusion
Signal and a Cortical Targeting Signal in the
Linker Domain
(A–E) The domain structure of the GFP-tagged
constructs used in this study: (A) full-length
PAR-1 N1S, showing the unique N-terminal
N1 domain (green), the kinase domain (gray),
and the linker domain (orange), which con-
tains a conserved UBA domain (dark blue)
and a conserved AEM (red); (B) the linker do-
main alone; (C) PAR-1 N1S without the linker
domain; (D) full-length PAR-1 N1S with muta-
tions in the AEM; and (E) linker domain lacking
the C-terminal 37 amino acids (linkerDC).
(F–J) Localization of the GFP-tagged PAR-1
N1S constructs in the oocyte. Full-length PAR-
1 N1S (F) and the linker domain alone (G) be-
come enriched at the posterior cortex, whereas
the N1 and kinase domain are cytoplasmic (H).
Mutation of the AEM leads to localization of
PAR-1 N1S around the entire oocyte cortex (I),
causing a mispositioning of the oocyte nucleus
(arrow), while cortical localization is abolished
by the deletion of the C terminus of the linker (J).
(K–O) Localization of GFP-tagged PAR-1 N1S
constructs in the follicular epithelium. Full-
length PAR-1 N1S (K) and the linker domain (L)
localize to the lateral membrane, whereas the
PAR-1N1Slackingthe linkerdomain iscytoplas-
mic (M).Mutationof theAEMleads toectopic lo-
calization of PAR-1 N1S at the apical membrane
(N), and deletion of the C-terminal 41 amino
acids prevents recruitment to the cortex (O).
(P) Sequence of the C terminus of PAR-1 N1S
and the corresponding region in PAR-1 N3L,
showing the AEM motif (red) and the cortical tar-
geting signal (yellow). PAR-1 N3L does not con-
tain exon 14, encoding the AEM motif, which ac-
counts for its lack of exclusion from the anterior
and lateral cortex of the oocyte.cis-acting signals mediate the lateral localization of
PAR-1 in epithelial cells and its posterior localization in
the oocyte, strongly suggesting that it is targeted by
the same mechanism in each case.
Conclusions
In contrast to the other PAR-1 isoforms, PAR-1 N1S and
N1L localize to the posterior of the oocyte at stage 7, as
an early response to the polarizing signal from the folli-
cle cells. This localization is microtubule independent
and begins before the reorganization of the oocyte
microtubule-cytoskeleton that defines the anterior-
posterior axis. Furthermore, only the N1 isoforms fully
rescue the anterior-posterior polarity defects of par-1
mutants, whereas mutant forms of PAR-1 that localize
all around the cortex disrupt oocyte polarity. Thus, ante-
rior-posterior polarity depends on the localization of
PAR-1 N1 to the posterior cortex of the oocyte and its
exclusion from other regions of the cortex. These results
indicate that the actin-dependent posterior recruitment
of PAR-1 N1 is essential for the reorganization of the
oocyte cytoskeleton.
One question raised by our results is why the localiza-
tion of the PAR-1 N1 isoforms to the posterior cortex has
not been detected by antibody staining, given that our
antibody was raised against the linker domain and
should recognize all forms of PAR-1 [2]. This may reflectthe higher sensitivity of GFP tagging compared to anti-
body staining and the low levels of endogenous protein
at this site. It seems more likely, however, that the epi-
topes recognized by this antibody are masked at the
cortex, since a new antibody against a different region
of PAR-1 shows a very similar posterior cortical localiza-
tion of endogenous PAR-1 to that seen with GFP-PAR-1
N1S (M. Bettencourt-Dias, personal communication).
Conversely, none of our GFP-PAR-1 constructs localize
to the pole plasm like the PAR-1 detected in immuno-
stainings. Thus, either the fusion of GFP to the N termini
of these isoforms inhibits their recruitment to the pole
plasm, or this staining reflects the localization of another
splice variant that has not yet been analyzed.
The PAR-1 N1 isoforms are targeted to the posterior
by a cortical localization signal at the C terminus of the
protein and an adjacent antero-lateral exclusion motif
(AEM), and these two signals are also necessary and
sufficient to target PAR-1 to the lateral cortex in epithe-
lial cells. Mammalian PAR-1b is restricted in a similar
way to the lateral domain of polarized MDCK cells, and
this is mediated by the phosphorylation of a conserved
threonine in the AEM by apically localized atypical Pro-
tein kinase C (aPKC), which excludes PAR-1 from the
apical cortex and inhibits its activity (Figure S2) [17,
18]. Drosophila aPKC shows a similar localization to
the subapical region of epithelial cells, suggesting that
Actin-Dependent PAR-1 Localization
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domain may be a conserved mechanism for restricting
PAR-1 to the lateral cortex. It is more difficult to account
for the posterior localization of PAR-1 in the oocyte by
this mechanism, however, since DaPKC null mutant
germline clones block the specification of the oocyte
in the germarium, but a proportion of the mutant egg
chambers escape this early defect and go on to develop
a normal anterior-posterior axis at stage 9. This sug-
gests that aPKC is not required for the repolarization
of the oocyte at stage 7, although it is possible that re-
sidual aPKC perdures in these escaper clones and can
still function to restrict PAR-1 to the posterior. Alterna-
tively, PAR-1 may be excluded from the anterior and
lateral cortex by a different mechanism or by another
kinase that phosphorylates the same site in the AEM.
The polarization of the anterior-posterior axis in
C. elegans also depends on the localization of PAR-1
to the posterior cortex of the one-cell zygote [19]. How-
ever, the upstream steps that led to the posterior recruit-
ment of PAR-1 appeared to be quite different in the two
systems, because the posterior localization of PAR-1
in C. elegans requires the actin cytoskeleton [20–23],
whereas the polarization of the Drosophila oocyte is
microtubule dependent. Our results indicate that the
mechanisms are more similar than previously thought,
since the posterior recruitment of the PAR-1 N1 iso-
forms is upstream of microtubule polarity and depends
on actin. The localization of C. elegans PAR-1 requires
the cortical myosin, NMY2, which associates directly
with PAR-1 [20, 24]. It will therefore be important to de-
termine whether a myosin is also required for the cortical
recruitment of Drosophila PAR-1.
Supplemental Data
Supplemental Data include two figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://
www.current-biology.com/cgi/content/full/16/11/1090/DC1/.
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